Endometrial cancer is the most common cancer of the female genital tract in developed countries. Although the majority of endometrial cancers are diagnosed at early stages and the 5-year overall survival is around 80%, early detection of these tumors is crucial to improve the survival of patients given that the advanced tumors are associated with a poor outcome. Furthermore, correct assessment of the pre-clinical diagnosis is decisive to guide the surgical treatment and management of the patient. In this sense, the potential of targeted genetic sequencing of uterine aspirates has been assessed as a pre-operative tool to obtain reliable information regarding the mutational profile of a given tumor, even in samples that are not histologically classifiable. A total of 83 paired samples were sequenced (uterine aspirates and hysterectomy specimens), including 62 endometrioid and non-endometrioid tumors, 10 cases of atypical hyperplasia and 11 non-cancerous endometrial disorders. Even though diagnosing endometrial cancer based exclusively on genetic alterations is currently unfeasible, mutations were mainly found in uterine aspirates from malignant disorders, suggesting its potential in the near future for supporting the standard histologic diagnosis. Moreover, this approach provides the first evidence of the high intra-tumor genetic heterogeneity associated with endometrial cancer, evident when multiple regions of tumors are analyzed from an individual hysterectomy. Notably, the genetic analysis of uterine aspirates captures this heterogeneity, solving the potential problem of incomplete genetic characterization when a single tumor biopsy is analyzed. Modern Pathology (2017) 30, 134-145; doi:10.1038/modpathol.2016 published online 2 September 2016 Endometrial cancer is the fourth most common cancer among women in developed countries and the most frequent cancer of the female genital tract. 1 Endometrial cancer is mainly classified into two groups with different clinical, pathological, and molecular features. 2,3 Type I or endometrioid endometrial carcinomas are normally low-grade,
Endometrial cancer is the most common cancer of the female genital tract in developed countries. Although the majority of endometrial cancers are diagnosed at early stages and the 5-year overall survival is around 80%, early detection of these tumors is crucial to improve the survival of patients given that the advanced tumors are associated with a poor outcome. Furthermore, correct assessment of the pre-clinical diagnosis is decisive to guide the surgical treatment and management of the patient. In this sense, the potential of targeted genetic sequencing of uterine aspirates has been assessed as a pre-operative tool to obtain reliable information regarding the mutational profile of a given tumor, even in samples that are not histologically classifiable. A total of 83 paired samples were sequenced (uterine aspirates and hysterectomy specimens), including 62 endometrioid and non-endometrioid tumors, 10 cases of atypical hyperplasia and 11 non-cancerous endometrial disorders. Even though diagnosing endometrial cancer based exclusively on genetic alterations is currently unfeasible, mutations were mainly found in uterine aspirates from malignant disorders, suggesting its potential in the near future for supporting the standard histologic diagnosis. Moreover, this approach provides the first evidence of the high intra-tumor genetic heterogeneity associated with endometrial cancer, evident when multiple regions of tumors are analyzed from an individual hysterectomy. Notably, the genetic analysis of uterine aspirates captures this heterogeneity, solving the potential problem of incomplete genetic characterization when a single tumor biopsy is analyzed. Endometrial cancer is the fourth most common cancer among women in developed countries and the most frequent cancer of the female genital tract. 1 Endometrial cancer is mainly classified into two groups with different clinical, pathological, and molecular features. 2, 3 Type I or endometrioid endometrial carcinomas are normally low-grade, estrogen-related tumors with a good prognosis. These tumors are the most common endometrial cancers and they usually arise in perimenopausal women, preceded by or coexisting with endometrial hyperplasia. Type II tumors are high-grade nonendometrioid endometrial carcinomas, unrelated to estrogen, which occur in older women and have a poor prognosis. 4, 5 The majority of non-endometrioid endometrial carcinomas are serous endometrial carcinomas, although there are also less frequent histological subtypes, such as uterine carcinosarcomas (also known as malignant mixed müllerian tumors), uncommon biphasic neoplasms with malignant epithelial elements, and a sarcomatoid component. 5 At the molecular level, significant differences are evident between type I and II carcinomas. Mutations in PTEN, PIK3CA, PIK3R1, KRAS, CTNNB1, FGFR2, and ARID1A are associated with endometrioid endometrial carcinomas, whereas mutations in TP53, PIK3CA, and PPP2R1A are frequent in nonendometrioid endometrial carcinomas. 6, 7 In addition, microsatellite instability is evident in one-third of endometrioid endometrial carcinomas, a feature that is unusual in non-endometrioid endometrial carcinomas, which are more commonly characterized by chromosomal instability. 8, 9 The majority of endometrial cancers are diagnosed at early stages and the associated 5-year overall survival is around 80%. Nevertheless, the survival rate decreases to 57-46% for high-grade tumors. 5 Furthermore, carcinosarcomas account for a high percentage of mortality despite constituting only 5-6% of endometrial cancers, principally because 60% of the patients presents extra uterine disease at the moment of diagnosis. In these cases more than 50% will suffer recurrence after surgery and adjuvant treatment. 10, 11 As with many other tumors, early detection of endometrial cancer is crucial to increase patient survival, particularly as advanced tumors are associated with a worse outcome. Moreover, the correct assessment of pre-clinical diagnosis is also decisive, as this will guide the pre-operative and surgical management of the patient. 12 In this sense, the use of uterine aspirates (Pipelle biopsies) as diagnostic preoperative biopsies is widely recommended, representing a minimally invasive and highly sensitive procedure. However, the failure rate in obtaining such samples is around 8%, whereas 13% of the samples turn out to be histologically inadequate, figures that are significantly higher in postmenopausal women. 12, 13 Moreover, discrepancies between pre-and post-operative biopsies have been observed with respect to histological grade, which could lead to a misclassification and the use of inappropriate therapeutic strategies. 14, 15 As such, there has been some interest in identifying molecular markers in uterine aspirates, enhancing their potential as a diagnostic sample for both histological classification and molecular characterization of tumors. [16] [17] [18] Describing the genetic profile of tumors can be decisive for their accurate diagnosis and for therapeutic decision-making. However, intra-tumor genetic heterogeneity represents a challenge that hampers the correct characterization of tumor samples. 19 The current study reveals how uterine aspirates are a potentially useful tool to circumvent the problems derived from intra-tumor heterogeneity when genetically characterizing endometrial cancer. We defined the mutational profile of endometrial cancers in paired pre-operative uterine aspirates and hysterectomy specimens from patients. The data obtained not only confirmed the utility of these aspirates to detect the mutations in primary tumors, even when a pathological diagnosis could not be achieved by other means, but importantly, they also reflected the high intra-tumor genetic heterogeneity found in endometrial cancers. These results show that the genetic analysis of uterine aspirates provides information that the pathologist may find useful to reduce the rate of false-negative diagnoses. In summary, we show the importance of uterine aspirates in studying endometrial cancer at the molecular level, supporting the potential of noninvasive biopsies for the diagnosis and characterization of certain tumor types.
Materials and methods

Sample Description
A total of 62 endometrial cancer cases (44 endometrioid endometrial carcinomas, 9 serous endometrial carcinomas, 9 carcinosarcomas) were collected at Vall d'Hebron Hospital (Barcelona), Arnau de Vilanova University Hospital (Lleida), MD Anderson Cancer Center (Madrid) and Medical University (Lubin) between 2010 and 2015. The median age of the patients was 67 (±12, endometrioid endometrial carcinomas), 75 (±8, serous endometrial carcinomas), and 72 (±8, carcinosarcomas) and the histopathological data of the tumors studied can be found in Supplementary Table 1 . Endometrial tissue from endometrial aspirates and hysterectomy specimens were analyzed from each subject. In addition, samples obtained from 10 patients diagnosed with atypical hyperplasia, were collected at Hospital Universitari de Bellvitge and used as an example of precursor malignant neoplasia. A total of 27 patients not diagnosed with cancer were also analyzed as controls for the studies of the mutational profile (7 non-atypical hyperplasia endometrium, the endometrium from 7 patients with leiomyoma, and 13 normal endometrium). In 11 of these controls uterine aspirates and their respective hysterectomy specimen (endometrial tissue) were analyzed, whereas in the remainder only a uterine aspirate was available. Uterine aspirates were collected using a Pipelle de Cornier to obtain the sample that was then centrifuged for 20 min, as described previously. 16 The pellet containing the cells from the uterine cavity was processed as formalin-fixed and paraffin-embedded tissue for further DNA extraction.
A second uterine aspirate was obtained in the operating room just before surgery, being the tumor material frozen at − 80°C for hematoxylin and eosin stain examination and DNA extraction. Only in which the formalin-fixed and paraffin-embedded uterine aspirate material was used up in the histologic analysis, frozen tissue was used for the study. The study was approved by the local ethical committee from each institution, and a complete written informed consent was obtained from all patients.
DNA Extraction and Mutational Analysis
DNA was obtained from formalin-fixed paraffinembedded and frozen samples using phenol extraction and ethanol precipitation, and 10 ng were used for sequencing. Multiplex PCR to prepare amplicon libraries was performed using the Ion AmpliSeq Library Kit 2.0 and Ion AmpliSeq Cancer Hotspot Panel v2 (Life Technologies). For PCR, a total of 17 and 20 cycles were used for the frozen and formalinfixed paraffin-embedded samples, respectively. The PCR template preparation and enrichment were performed using Ion PGM Template OT2 200 Kit and the Ion OneTouch 2 System. Finally, the Ion PGM Sequencing 200 Kit v2 and Ion PGM System (Life Technologies) were used for DNA sequencing according to the manufacturer's protocols. Duplicates were analyzed for 10 % of the samples, rendering equivalent results. For the bioinformatics analysis, see Supplementary Methods.
Sanger Sequencing
To validate the mutations, a total of 88 of the 476 variants found in the samples analyzed were Sanger sequenced. The PCR conditions and amplicon lengths used are indicated in Supplementary Table 2. Only 6 of these variants were not confirmed by Sanger sequencing, which was probably due to their poor quality and/or their frequencies below 10% in the Ion PGM sequencing analysis (Supplementary Table 3 ).
Statistical Analysis
A paired t-test was used to compare the data from the hysterectomy tumor samples and uterine aspirates. Two-tailed tests were performed and 95% confidence intervals (CIs) were accepted. The mutation discovery rate was calculated in each sample (aspirate or tumor region) from the same patient according to the following equation: 
Results
Identification of the Mutational Profile in Paired Uterine Aspirate and Hysterectomy Specimen Samples
Uterine aspirates are thought to be highly sensitive and specific biopsies for the pre-operative diagnosis of endometrial cancer, especially when based on biomarker expression. 13, [16] [17] [18] To investigate the usefulness of mutation detection in uterine aspirates, the molecular profile of paired samples (pre-operative uterine aspirates and the corresponding resected surgical specimen) from 54 patients with endometrial cancer (37 endometrioid endometrial carcinomas, 9 serous endometrial carcinomas, and 8 carcinosarcomas) and 10 patients with atypical hyperplasia was analyzed using AmpliSeq Cancer Hotspot Panel v2. This panel analyzes approximately 2800 cancer mutations of 50 oncogenes and tumor suppressor genes, some of which are frequently altered in endometrial cancer (PTEN, KRAS, FGFR2, CTNNB1, PIK3CA, FBXW7, and TP53). In addition, a total of 27 patients not diagnosed with cancer were also analyzed as control cases (7 cases of nonatypical hyperplasia, 7 cases with leiomyomas and 13 with a normal endometrium).
Sequencing analysis revealed the presence of mutations in 51 of the 54 aspirates from cancer patients ( Table 1; Supplementary Table 3A ) and in 5 of the 10 aspirates from atypical hyperplasia cases (Supplementary Table 4 ). By contrast, mutations were only identified in 1 of the 27 control patients (data not shown). Although it is currently unfeasible to reach a diagnosis of endometrial malignancies based exclusively on genetic alterations, these results indicate that genetic analysis of uterine aspirates may offer reliable support to histological diagnosis.
Mutations identified in the different subgroups of patients were consistent with previous studies. 6, 7 In summary, endometrioid endometrial carcinomas carried mutations in PTEN (71.1% of patients), PIK3CA (39.5%), CTNNB1 (28.9%), TP53 (28.9%), FGFR2 (23.7%), KRAS (21.1%), and CDKN2A (10.5%). In addition, we also detected mutations in less commonly affected genes, such as: ABL1, AKT1, APC, ATM, BRAF, ERBB2, FBXW7, KIT, RB1, and VHL1 (5.3%); and GNA11, GNAS, HNF1A, MET, MLH1, NRAS, RET, STK11, SMAD4, SMARCB1, and SMO (2.6%). As expected, the most frequently mutated gene in serous carcinomas and carcinosarcomas samples was TP53 (77.7 and 87.5%, respectively). Frequencies found in our series were generally higher than those detected in the The Cancer Genome Atlas dataset 6 (Supplementary Figure 1A) . This could be explained taking into account the sequencing method applied in each study. Whereas The Cancer Genome Atlas study 6 performed whole-exome sequencing (mean coverage around to 50 × ) our study has been developed with targeted sequencing (mean coverage around to 1000 × ), allowing to detect more accurately the mutations, specially those with low frequency. 20 TP53 mutation frequency was particularly high in our series, probably due to the presence of mutations in 8 of the 24 high-grade endometrioid carcinomas (Supplementary Figure 1B) . To be sure that these cases were not misclassified a second pathology review was performed, confirming the initial diagnosis (Supplementary Table 5 ).
To gain further insight into the suitability of uterine aspirates to detect mutations and consequently, to estimate the potential of uterine aspirates to characterize endometrial caner from a genetic point of view, we analyzed the percentage of pathogenic variants present in hysterectomy specimens that were also detected in aspirates ( Figure 1 ). All the mutations detected in the surgical tumor tissue were also found in 30 out of the 36 aspirates (83.3%) from endometrioid endometrial carcinoma patients. In terms of the rest of the samples, 50-75% of the mutations detected in the hysterectomy specimen also appeared in the corresponding aspirate in three of them (8.3% of the total), although in two of them (5.6% of the total) the aspirate contained 25-50% of the mutations present in the surgical tissue. Only in 1 patient did we fail to detect any of the mutations identified in the hysterectomy sample in the corresponding aspirate, accounting for 2.8% of the total cases. Conversely, in 1 other patient mutations were detected in the uterine aspirate, whereas none were identified in the surgical sample (Table 1) . Furthermore, in 6 of the 9 uterine aspirates from serous carcinomas patients 100% of the mutations identified in the hysterectomy specimens were detected in the aspirate (66.7% of the total cases), as in 6 of the 8 carcinosarcoma cases (75% of the total).
Misclassifying the histological grade of pre-operative biopsies can have grave consequences 14, 15, 18 and indeed, in our samples 22 of the 37 endometrioid endometrial carcinomas uterine aspirates (59.5%) were misclassified with respect to their grade during the pathological diagnosis, the majority of them being attributed with a lower grade than that detected in the definitive hysterectomy specimen (Table 1) . However, in 17 of these 22 (77.2%) discordant classifications, the uterine aspirates were concordant in the mutational analysis, showing all the mutations detected in their respective surgical specimen. Nevertheless, no relationship between mutational status and histological type or grade has been previously described, and nor was one found in our series. Consequently, these results confirm that the genetic analysis of uterine aspirates as a preoperative biopsy can reliably reproduce the molecular status of the tumor in a pre-clinical setting. However, further studies into the mutational profile and histological grade will be necessary to take the mutational information from uterine aspirates into account when assessing the tumor grade.
Genetic Analysis Helps to Reduce the Rate of False-Negative Diagnoses in Uterine Aspirates
The histologic analyses of uterine aspirates fail to distinguish the presence or absence of malignancy in around 13% of the cases, either due to the small proportion of representative tumor cells or to the poor quality of the specimen. [21] [22] [23] To further investigate the potential of genetic analysis of uterine aspirates as an informative tool for endometrial cancer diagnosis, we assessed the tumor mutations that could be detected in uterine aspirates that could not be evaluated on a pathological basis (Figure 2a) . Mutational analysis was performed on eight paired samples of non-diagnosable uterine aspirates from patients who turned out to have endometrial cancer and on the corresponding hysterectomy specimens (7 endometrioid endometrial carcinomas and 1 carcinosarcoma). Interestingly, seven of the eight non-evaluable uterine aspirates had a similar mutation profile to that of their paired surgical sample (Figure 2b ; Supplementary Table 3B) . We did not find mutations in the uterine aspirate from one patient, as was also the case in the paired hysterectomy tumor tissue. We validated these results by Sanger sequencing and immunohistochemistry when material was available. For example, the CTNNB1 mutation in case EEC-38 was validated by Sanger sequencing in the aspirate and surgical tissue (Figure 2c) . To validate this, we also analyzed β-catenin expression by immunohistochemistry in surgical tissue (Figure 2d ). These results demonstrated that genetic sequencing complements pathological analysis and contributes significantly to a more comprehensive characterization of the tumor at very early stages of diagnosis, providing valuable information for its correct classification.
Genetic Analysis of Uterine Aspirates Captures the Intra-Tumor Heterogeneity Found in Endometrial Carcinomas
It is well known that human cancers display substantial intra-tumor heterogeneity, not only in cellular morphology or gene expression but also in terms of genetic variation. 24, 25 This phenomenon represents an important challenge to accurate diagnosis and therapeutic decision-making. 19 Although recent studies showed intra-tumor genetic heterogeneity in gynecological cancers like ovarian cancer, 26, 27 heterogeneity at the mutational level has not been described in endometrial cancer to our knowledge. Interestingly, the comparison between the mutational profile of uterine aspirates and hysterectomy specimens highlighted the presence of additional mutations in 11 out of the 54 uterine
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Cancer diagnosis of uterine aspirates aspirates, mutations that were not present in the corresponding paired surgical tissue (Table 1) . Thus, we examined whether these differences might reflect the intra-tumor genetic heterogeneity in this clinical context.
To explore this hypothesis, genetic sequencing analysis was performed on additional tumor regions from 21 of the endometrial cancer hysterectomy specimens previously studied (14 endometrioid endometrial carcinomas, 5 serous endometrial carcinomas and 5 carcinosarcomas: Table 2 ). Comparative mutation analysis revealed differences in the mutational profiles of the distinct regions of the endometrioid endometrial carcinomas tumor tissue analyzed from 10 out of 14 patients (71.4%), confirming the presence of intra-tumor heterogeneity (Supplementary Figure 2 ; Supplementary Table 3C ). For example, in the three different tumor regions analyzed from case EEC-1 (Figure 3a) , a total of 5 mutations in PTEN, TP53, and APC were detected, with one of the regions (tumor region 1) carrying all five, whereas the other two (tumor region 2 and 3) carried 2 and 3 mutations, respectively. In the remaining cases (4/14, 28.6%), a similar mutational profile was seen in all the samples analyzed ( Supplementary Figure 2; Supplementary Table  3C ), suggesting that these cases did not harbor significant intra-tumor heterogeneity, at least with respect to the genes and tumor regions studied. For example, this was the case of patient EEC-11 from whom all the samples analyzed carried mutations in FGFR2 and FBXW7 (Figure 3b) . In contrast to the endometrioid endometrial carcinomas, intra-tumor heterogeneity was only detected in 1 of the 5 (20%) serous carcinomas and 1 of the 5 (20%) carcinosarcomas when additional tumor regions were analyzed (Supplementary Figure 3) . The low proportion of mutational heterogeneity in cases with serous and carcinosarcoma histology could be due to the fact that chromosomal instability is a more frequent molecular alteration than punctual genetic changes in these tumor types, 9 a modification that cannot be properly detected with the sequencing platform used here.
The sensitivity of mutation detection in each sample was scored as the mutation discovery rate, which indicates the proportion of mutations detected in each sample with respect to the total mutations observed in all the samples studied from a given patient (see 'Materials and methods' section). The mutation discovery rate was significantly higher in the endometrioid uterine aspirates than in the matched surgical tumor tissue, with a mean of 94.1% for uterine aspirates and 77.2% for individual hysterectomy tissue samples. This difference increased when low-quality mutations were not considered, decreasing the mutation discovery rate for surgical tumor samples to 67.5%, whereas the mutation discovery rate of the aspirates remained unaltered (Figure 3c ). However, no significant differences were found in the serous carcinoma or carcinosarcoma samples. Differences in the mutation Figure 1 Percentage of mutations in hysterectomy specimens identified in paired uterine aspirate. Graphs represents the percentage (100%, 75-50%, 50-25%, or 0%) of the mutations found in surgical tumor samples and paired aspirates in endometrioid carcinoma (a), serous carcinoma (b), and carcinosarcoma (c) samples. discovery rate are mainly found in heterogeneous tumors, due to the differences observed in the mutational profile between each tumor region ( Figure 4) . In 8 of the 10 (80%) heterogeneous endometrioid tumors, uterine aspirates reflected a higher mutation discovery rate than the tumor region used for the pathological diagnosis (tumor region 1). Only in one patient (EEC-7) the mutation discovery rate of the uterine aspirate was lower than that for the diagnostic tumor region, although it was equal or higher than that derived from the two other regions from that patient. In fact, the mutation discovery rate value was higher in uterine aspirates than in at least one tumor region in all cases where there was tumor heterogeneity. These differences seem not to be related to the proportion of the tumor tissue in each region analyzed as there was no significant correlation in a Pearson test (data not shown). These data confirm that genetic analysis of uterine aspirates detects a more representative mutational landscape of the tumor, reproducing in a single sample the intra-tumor heterogeneity found in the different tumor regions.
Discussion
Advances in next-generation sequencing have revealed that genetic heterogeneity must be taken into account to fully understand tumor biology. 19, 28, 29 Indeed, over and above the interpatient heterogeneity, 30 intra-tumor heterogeneity represents a real challenge for the precise characterization and adequate management of tumors. 19, 31 The presence of different cell populations within a tumor with specific genomic, genetic and/or epigenetic characteristics has been demonstrated in numerous tumor types, including solid tumors and hematologic malignancies. 19 Indeed, intra-tumor heterogeneity has been observed among gynecological cancers, particularly in high-grade serous ovarian carcinomas, 27, [32] [33] [34] although this issue has not been studied in endometrial cancer so far. Therefore, a Cancer diagnosis of uterine aspirates better understanding of the genetic heterogeneity underlying the biological and phenotypic evolution of endometrial is crucial to understand the clinical behavior of this disease. In this sense, the majority of the endometrioid carcinomas analyzed here have variable mutational profiles in the different tumor regions. By contrast, only 20% of serous carcinomas and 20% of carcinosarcomas showed mutational heterogeneity, which perhaps reflects the more frequent genetic mutations in endometrioid than in serous and carcinosacomas, 6 the latter more often displaying large genomic changes. 9 Therefore, a genomic study should be carried out on these tumor types to define the implication of copy number variation in intra-tumor heterogeneity, as previously described in high-grade serous ovarian carcinomas. 27, 33 Intra-tumor clonal heterogeneity is thought to influ;ence therapeutic resistance and tumor progression, 35 with some studies suggesting that some clones are genetically predisposed to resist therapy. 36 In this context, characterizing intra-tumor heterogeneity would seem to be necessary to better predict the clinical outcome of a specific tumor at the moment of diagnosis and to establish the most appropriate treatment. The standard treatment for endometrial cancer is well established, involving surgery followed by adjuvant radiotherapy in tumors with a high-risk of recurrence. Chemotherapy is usually restricted to metastatic/recurrent and highgrade endometrial cancers, although traditional chemotherapy regimens are less effective than in cancers of other organs. 5 In this sense, numerous clinical trials have been stratified according to genetic features, based on PTEN, PIK3CA, or FGFR3 mutational status. Consequently, tumor heterogeneity represents a therapeutic challenge and the use of a single diagnostic biopsy of a tumor may be insufficient, leading to the misclassification of a significant proportion of patients.
Several studies have centered on the feasibility of using liquid biopsies to analyze intra-tumor genetic heterogeneity. [37] [38] [39] [40] In endometrial cancer, uterine aspirates are used as minimally invasive and highly sensitive biopsies for histological diagnosis or molecular characterization. [16] [17] [18] In this regard, we found that the genetic analysis of uterine aspirates coupled to their pathological classification could be a very sensitive approach to detect endometrial malignant neoplasia. This implies that detecting a cancer-related mutation (such as those detected by the method we employed) is related to a possible malignant disorder or tumor. Although this seems to be true in our series it remains controversial, and a significantly larger number of samples (both normal and malignant) should be analyzed to address this issue. Paired sequencing of uterine aspirates and hysterectomy specimens confirms the efficacy in revealing malignant disorders (endometrial tumors or atypical hyperplasia) in uterine aspirates. Only three samples (5.5%) of uterine aspirates from tumor cases did not show any of the surgical tumor sample mutations, whereas a total of 42 (77.8%) of the aspirates carried all the mutations found in the corresponding hysterectomy specimen.
Furthermore, we detected mutations in aspirates that could not be evaluated pathologically. The amount of tissue obtained from endometrial biopsies from postmenopausal patients is sometimes insufficient to obtain an adequate diagnosis, which in the majority of cases is due to the presence of endometrial atrophy. However, patients with endometrial cancer on occasions provided poor quality samples. In a recent study of 1120 endometrial samples classified as unsuitable for diagnosis, a second biopsy was obtained from 38% of the patients that was suitable for diagnosis in 75% of cases, with 10% having a malignant tumor. 23 Our results show that mutation analysis could indicate the presence of endometrial cancer or at least some pre-malignant anomaly, emphasizing the need for resampling in such cases and providing valuable information to accelerate the diagnosis.
Genetic analysis of uterine aspirates captures the intra-tumor heterogeneity identified in endometrioid endometrial carcinomas. The mutation discovery rate, defined as the percentage of mutations detected in each individual sample with respect to all the mutations found in a given patient, was used to measure the sensitivity of mutation detection in each sample. In heterogeneous tumors, the uterine Cancer diagnosis of uterine aspirates A Mota et al aspirate mutation discovery rate was higher than that in at least one of the tumor regions. In fact, the mutation discovery rate value was higher in the uterine aspirate than in the tumor regions used for pathological diagnosis (tumor region 1) in 8 of the 10 heterogeneous endometrioid carcinomas. These results highlight the potential utility of this type of biopsy and reveal that the use of a unique tumor sample in diagnosis could underestimate the mutational burden in heterogeneous tumors. However, the study of multiple samples of a given tumor as a routine practice is still a difficult issue, as it would increase significantly the time and cost of diagnosis. Moreover, combining DNA from different tumor samples previously to the targeted sequencing is not a good option, because it would lead to a decrease in the frequency of those mutations, which are not present in all the tumor regions, causing some low-requency variants to be undetected. It is also worth pointing that it is fairly difficult to calculate how many tumor regions need to be analyzed to cover the intra-tumor heterogeneity found in each case. Taken together, these arguments increase the value of uterine aspirates as a genetic diagnostic biopsy, solving, at least in part, some of the problems found in the study of hysterectomy specimens. The fact that intra-tumor heterogeneity may be represented in uterine aspirates is probably related to the nature of such samples, consisting of cells from many different parts of the uterine cavity, which could provide a more representative picture of the entire tumor specimen than samples from a specific tumor region. Similar results were observed in ovarian carcinomas where intra-tumor genetic heterogeneity was evident when solid tumor biopsies were compared, [32] [33] [34] but not when different ascites from the same patient were compared. 41 In this case, ascites could represent the entire cavity in a similar way that uterine aspirates do in uterine cancers, capturing all the genetic mutations and representing the heterogeneity found in the solid tumor biopsies. The use of non-invasive biopsies to diagnose and characterize tumors is currently a relevant clinical challenge. The data presented here shed light on the molecular characterization of minimally-invasive biopsies in endometrial cancer, and they provide potential solutions to the problem of detecting genetic heterogeneity, as well as valuable information in the case of biopsies with insufficient material. These data pave the way for the use of such analyses for other diseases. Figure 4 Mutation discovery rate in heterogeneous endometrioid endometrial carcinoma. The mutation discovery rate was calculated for each sample from the heterogeneous endometrioid carcinoma patients as indicated in the 'Materials and methods' section. Each bar represents a sample, from the bottom to the top: uterine aspirate and the different tumor regions. [1] [2] [3] [4] The dark gray color represents the percentage of high quality variants detected and the light gray reflects the LQ variants identified in the ion PGM analysis.
